Relationship between segregation strength and permeability of ethanol/water mixtures through block copolymer membranes ABSTRACT: A series of poly(styrene-b-dimethylsiloxane-bstyrene) (SDS) triblock copolymers with molecular weights ranging from 55 to 150 kg/mol and polydimethylsiloxane (PDMS) volume fractions ranging from 0.59 to 0.83 were used to fabricate membranes for ethanol/water separation by pervaporation. The rigid polystyrene (PS) microphase provides the membrane with structural integrity, while the rubbery PDMS microphase provides nanoscale channels for ethanol transport. We use a simple model to study the effect of morphology and PDMS volume fraction on permeabilitites of ethanol and water through the block copolymer membranes. We defined normalized permeabilities of ethanol and water to account for differences in morphology and PDMS volume fraction. We found that the normalized ethanol permeability in SDS copolymers was independent of the total polymer molecular weight. This is qualitatively different from what was previously reported for poly(styrene-b-butadiene-b-styrene) (SBS) membranes, where the normalized ethanol permeability was found to be a sensitive function of total molecular weight [J. Membr. Sci. 2011, 373, 112]. We demonstrate that this is due to differences in the Flory−Huggins interaction parameter (χ) for the two systems. When χN is less than 100 (N is the number of segments per chain), the two microphases are weakly segregated, and the presence of glassy PS segments in the transporting microphase impedes ethanol transport. When χN exceeds 100, the two microphases are strongly segregated and the glassy PS segments do not mix with the transporting phase. We compare these results with normalized ionic conductivity data previously reported for mixtures of a lithium salt and polystyrene-b-poly(ethylene oxide) (SEO). Evidence suggests that the product χN governs the transport of widely different species such as ethanol and lithium salts through block copolymer membranes. Surprisingly, the normalized permeability of water is independent of total molecular weight for both SDS and SBS block copolymers.
INTRODUCTION
Biofuel production using lignocellulosic (LC) feedstock is one of the most promising renewable energy resources. Conventionally, fuel-grade bioethanol with ethanol content in excess of 99 wt % is obtained in two steps. First, the LC feedstock is fermented to give a complex solution containing 3 to 8 wt % ethanol. In the second step, distillation and dehydration are used to increase the ethanol content. The amount of energy consumed in the second step is a significant fraction of the total energy extracted from biofuels. It is recognized that pervaporation can, in principle, reduce the energy required for biofuel purification, and thus it can make the overall biofuel production more efficient. 1, 2 Pervaporation is a membrane-based separation process that is used to separate liquid mixtures under mild operating conditions. First, the feed solution sorbs on the feed side of the membrane according to its partition coefficient between the aqueous and membrane phase. It then diffuses through the membrane and evaporates at the permeate side due to low downstream pressure. The composition of the permeate depends on the permeability of the feed components through the membrane and the thermodynamic properties of the liquid and vapor phases. 3 Several previous studies have investigated pervaporation through polymeric membranes. 4−16 This paper is part of a series on the use of microphase-separated block copolymers for pervaporation of ethanol/water mixtures. 12, 13 In our studies, we employ block copolymer membranes, where one of the components is chosen to promote ethanol transport while the other is chosen to provide the membrane with structural integrity. Furthermore, the size and shape of the pathways of transport are tuned by changing the molecular weight and composition of the employed block copolymers. It is perhaps worth noting that similar strategies are used to design mechanically robust membranes for ion transport. 17−20 While, in general, the transporting channels can be aligned via application of external fields, in our work, we used randomly oriented domains obtained without the use of external fields.
To our knowledge, ref 13 is the first systematic study on the effect of block copolymer composition and molecular weight on ethanol/water pervaporation. 13 The block copolymers used in that study were a series of poly(styrene-b-butadiene-b-styrene) (SBS) triblock copolymers (polystyrene, PS, is the structural microphase and polybutadiene, PBD, is the ethanol-transporting microphase). Interestingly, it was found that ethanol permeability, P E , was a strong function of block copolymer molecular weight at fixed volume fraction of the transporting PBD block, ϕ. In contrast, water permeability, P w was a weak function of block copolymer molecular weight at fixed ϕ. Herein, we report on the pervaporation of ethanol/water mixtures through poly(styrene-b-dimethylsiloxane-b-styrene) (SDS) membranes. Our work was motivated by the fact that previous studies have shown that cross-linked polydimethylsiloxane (PDMS) membranes are more effective for ethanol/ water pervaporation relative to cross-linked PBD membranes. In this study, we show that the pervaporation characteristics of SDS membranes are very different from those of SBS membranes previously reported. We propose that these differences arise due to differences in the Flory−Huggins interaction parameters that govern microphase separation in the two systems.
EXPERIMENTAL SECTION
2.1. Polymer Synthesis and Characterization. The synthetic route used to synthesize the SDS copolymers is summarized in Figure  1 . sec-Butyl lithium (sec-BuLi), dibutyl magnesium (DBM), calcium hydride (CaH 2 ), 2-methoxyethylether (digylme), and dichlorodimethylsilane were purchased from Aldrich and used as received. The rest of the chemicals were purified by using high vacuum techniques unless otherwise stated. 21 Cyclohexane was purchased from Aldrich and was purified by a commercial solvent purification system (Braun, MB AUTO-SPS Solvent Purification System), followed by stirring over polystyryl lithium anions overnight to remove trace amounts of water. Styrene was purchased from Aldrich and was purified by stirring over freshly powdered CaH 2 overnight at room temperature, followed by stirring over a DBM solution at room temperature for 12 h. Hexamethylcyclotrisiloxane (D 3 ) monomer was purchased from Gelest and was dissolved in freshly distilled cyclohexane (dried as previously mentioned) and left to stir overnight in the presence of freshly powdered CaH 2 . Subsequently, the D 3 /cyclohexane mixture was vacuum transferred to another reactor containing DBM and left to stir at room temperature overnight. Polymerization of styrene was initiated by the addition of sec-BuLi and was performed at room temperature for ∼12 h. After completion of the styrene polymerization, an aliquot of the reaction mixture was isolated and terminated for characterization purposes. Subsequently, predetermined amounts of D 3 and cyclohexane were transferred to the reactor containing living polystyryl lithium. Diglyme was added to the reaction mixture (∼5 vol %) to facilitate the polymerization of the D 3 monomer. The reaction was conducted at room temperature for 3−5 h. The polymerization of D 3 was stopped at low conversion (∼30−40%) to avoid side reactions and to obtain well-defined diblock copolymers. Aliquots were extracted from the reaction mixture and terminated with degassed isopropanol for characterization purposes. Typical characterization data obtained during polymerization are shown in Figure 2 , where we show gel permeation chromatographs obtained from the PS homopolymer and the PS-b-PDMS diblock copolymer after 90 and 180 min (blue and purple trace, respectively) of D 3 propagation. These data were obtained during polymerization of SDS117-83 (block copolymers are named SDSXX-YY, where XX is the number-averaged molecular weight of the sample in kilograms per mole and YY is the volume fraction of the PDMS block).
SDS triblock copolymers were obtained by introducing stoichiometric amounts of dimethyldichlorosilane. Degassed isopropanol was added to the reactor to terminate the remaining uncoupled living chains, and the polymerization mixture was precipitated in a 50 vol % methanol and isopropanol mixture. 22 The copolymers were purified by two additional precipitation steps (dissolution in THF, followed by precipitation in methanol/isopropanol), followed by filtration of THF polymer solutions before last precipitation. After the last precipitation, copolymers were collected via filtration and dried under vacuum until constant weight was achieved. The gel permeation chromatograph of SDS117-83 obtained after termination and purification is shown in Figure 2 . It is evident that our final products contain non-negligible amounts of uncoupled diblock copolymers and other products due to side reactions. The PDMS block molecular weight reported in Table 1 was determined by 1 H NMR spectroscopy using the PS precursor molecular weight.
Our synthetic procedure is based on previous work by Maheshwari et al. 22 The characteristics of the SDS triblock copolymers used in this study are summarized in Table 1 . The molecular weights of the PS blocks were determined by GPC (Viscotek with THF as the solvent) based on PS standards. The ratio of PS to PDMS monomeric units in each sample was determined by 1 H NMR spectroscopy with deuterated chloroform as the solvent. The polydispersities of the PSb-PDMS diblock copolymers before coupling, listed in Table 1 , were determined by GPC based on PS standards. All of the polymers in Table 1 were synthesized using the procedure previously described with the exception of SDS148-72 and SDS90-69 which were purchased from Polymer Source. The weight ratio of SDS triblock copolymer to the uncoupled PS-b-PDMS diblock copolymer precursor in each sample was determined by calculating the areas under the peaks of diblock and triblock portions of the product from the GPC traces (DRI detector). The volume fractions of the PDMS block (i.e., ethanol transporting block) of the SDS copolymers (ϕ PDMS ) were estimated using monomer volumes of 0.179 and 0.138 nm 3 for PS and PDMS, respectively. 23 
Membrane Preparation.
The membranes for pervaporation experiments were prepared by melt pressing the SDS polymers between polytetrafluoroethylene (PTFE) sheets (5 mil thickness, McMaster). SDS copolymer was weighed (1 g), and the pieces of the copolymer were sandwiched between two PTFE sheets. The sandwich was placed between the plattens of a Carver press at 150°C and 1000 psi for 15 min to obtain films ranging from 100 to 150 μm in thickness. The SDS films were separated from the PTFE sheets, placed on a filter paper (support), and "punched" with a circular punch to obtain a supported membrane with a diameter of 7.5 cm. A few solvent-cast SDS membranes were also prepared as described in ref 12 to compare the pervaporation characteristics of melt-pressed and solvent-cast membranes. The pervaporation characteristics of meltpressed and solvent-cast membranes were within experimental error.
2.3. Pervaporation Experiments. Pervaporation experiments of ethanol/water mixtures were conducted on a laboratory bench test unit built by Sulzer Chemtech, Germany. The membrane was held inside a circular cell restrained with an O-ring, providing a total permeation area of 37 cm 2 . The temperature of the feed was controlled in the range of 40 ± 1°C. Each experiment began with ∼2 L of 8 wt % alcohol/water solution in the feed tank. On the permeate side of the membrane, a vacuum of 2 to 3 mbar was applied using a vacuum pump (Welch, model 2014), and permeates were condensed in a trap cooled with a dry ice/isopropanol mixture at −80°C. After the feed pump was started, the system was allowed to attain steady state for 1 h before permeate samples were collected. For each polymer, two different membranes were prepared and pervaporation experiments were repeated twice for each membrane. The average values of the four runs are reported, and the standard deviation is taken to be the uncertainty of the measurements.
Permeate samples were weighed to determine the mass permeated through the membrane during the experiment. The feed composition was fixed at 8 wt % ethanol. Changes in feed composition due to pervaporation are negligible due to small amounts permeating through the membrane. Flux of either water or ethanol was calculated using the equation
where M i is the mass of individual permeant, A is the permeation area (37 cm 2 ), and Δτ C is the permeate collection time; subscript E implies ethanol, while subscript W implies water. Membrane permeability, P i , was calculated from the following equation 2, 24, 25 
where t is the membrane thickness, x i is the feed mole fraction, γ i is the activity coefficient, p i sat is the saturated vapor pressure, y i is the permeate mole fraction, and p p is the permeate pressure. Values of y i were determined by analyzing permeate samples by 1 H NMR spectroscopy with deuterated acetone (acetone-d 6 ) as the solvent. The activity coefficients were calculated using the Van Laar coefficients obtained from ref 26 , and the saturated vapor pressure p i sat was determined using the Antoine equation. 27 The ethanol selectivity of the membrane is defined as
We use units of mol m/(m 2 s Pa) in this paper when we report P E or P W . In some papers (e.g., ref 29), ethanol selectivity is quantified by specifying the overall process separation factor, which is equal to [y E (1
The process separation factor for our experiments can be obtained by multiplying α EW by 10.6. Figure 3 shows typical SAXS profiles of selected SDS membranes at room temperature. The SAXS profiles were isotropic, indicating that the membrane preparation process led to randomly oriented grains. All of the SAXS profiles contained a primary peak at scattering vector q = q*. In addition, the profiles contained second-order peaks or shoulders at either q = 2q* or q= √3q*, which are signatures of microphase-separated lamellar and cylindrical morphologies, respectively. The cylindrical morphology comprises PS cylinders arranged on a hexagonal lattice in a PDMS matrix. SAXS patterns collected at high temperatures (up to 200°C) were indistinguishable from the room-temperature profiles. The domain spacing, d, of each one of the microphase-separated block copolymer membranes was calculated by the equation d = 2π/q*.
RESULTS AND DISCUSSION
In Figure 4 , we plot the calculated d values as a function of M n , the total molecular weight of the SDS copolymers. It is evident that d increases with increasing M n , and the experimental data plotted are consistent with this scaling law observed in the strong segregation limit, d ≈ M n 0.67
. The line in Figure 4 represents the expected power law.
In Figure 5 , we show the dependence of ethanol and water permeabilities on PDMS volume fraction, ϕ PDMS . We expect permeability through microphase-separated block copolymer membranes to be proportional to the volume fraction of the transporting phase. Therefore, ethanol and water permeabilities have been normalized with ϕ PDMS (P E /ϕ PDMS and P W /ϕ PDMS ), which accounts for the different volume fraction of PDMS in each block copolymers. The P E /ϕ PDMS and P W /ϕ PDMS values for SDS membrane with ϕ PDMS = 0.59 were (6.9 and 9.5) × 10 −12 mol m/m 2 s Pa, respectively. P E /ϕ PDMS and P W /ϕ PDMS increased with increasing ϕ PDMS and reached values of (12 and 13) × 10 −12 mol m/m 2 s Pa for the SDS membranes with ϕ PDMS of 0.72. Samples with lamellar morphology (ϕ PDMS < 0.7) exhibit lower P i /ϕ PDMS (i = E or W) normalized permeabilities than those with cylindrical morphology (ϕ PDMS > 0.7).
The dependence of membrane separation factor, α EW, on ϕ trans is shown in Figure 6 . It is evident from these data that α EW is not a strong function of morphology in this system. The membrane separation factor for SDS membranes ranges from 0.85 to 1.0 for all samples except the membrane with a PDMS volume fraction of 0.59. The concentration of the permeate obtained from optimized SDS membranes with α EW = 1.0 is 42 wt % ethanol (feed is 8 wt % ethanol).
Following our previous work on transport through block copolymer membranes, permeability through a strongly microphase-separated block copolymer can be expressed as
where ϕ trans is the volume fraction of the transporting phase, P i,o is the intrinsic permeability of the pure transporting phase, and f is a factor that accounts for the morphology of the microphase-separated block copolymers. For cylindrical systems, f = 1 because we have a continuous transporting phase. For lamellar systems, f = 2/3 because, on average, one-third of the lamellar grains will be oriented perpendicular to the direction of transport. Equation 4 assumes that transport occurs exclusively in one of the microphases.
If the block copolymer is not strongly microphase separated and transport is restricted to one of the microphases, then the permeability of component i is given by the following equation:
where P i,om is the permeability of the mixed transporting phase that now contains segments of the structural block. It is obvious that P i,om is less than P i,o , but one expects P i,om to approach P i,o as the strong segregation limit is approached.
Segregation in block copolymers primarily depends on two parameters: the Flory−Huggins interaction parameter, χ, and the total number of monomeric units per chain, N. We use a reference volume of 0.1 nm 3 for calculating both χ and N. The values of χ at 40°C for PS/PBD and PS/PDMS are 0.047 and 0.226, respectively. 23 In Table 2 , we list the values of χN for the SDS polymers listed in Table 1 and the SBS polymers studied in our previous publication. 13 In Figure 7 , we plot P i /fϕ trans (i = E and W) as a function of χN for both SDS and SBS copolymers. There are two main features that distinguish data obtained from SDS and SBS systems: (1) P i /fϕ trans through SDS membranes is an order of magnitude higher than that through SBS membranes. We attribute this to differences in P i,o values. It is evident from the literature that ethanol permeability through PDMS is much higher than that through PBD. 30, 31 (2) P E /fϕ trans through SDS membranes is independent of χN, while that through SBS membranes is not. We propose that this is due to differences in segregation strength.
To further analyze our results, we define normalized permeability, P i,n , as
In Figure 8 , we plot P i,n versus χN for both SBS and SDS systems. We use values P E,o = 1.28 × 10 −12 and P W,o = 2.14 × . These values were chosen so that P i,n values approached unity in the large χN limit. This follows from the expectation that P i,om approaches P i,o in this limit. It is evident that the pervaporation data obtained from both SDS and SBS systems collapse on a master curve when P i,n is plotted versus χN. (See Figure 8. ) As seen in Figure 8a , P E,n increases from about 0.3 to 1.0 as χN increases from 30 to 100. P E,n is independent of χN when χN exceeds 100. At low values of χN, one expects mixing between the structural (PS) and the transporting (PBD or PDMS) blocks. The presence of glassy PS segments in the transporting PBD-rich microphase will impede the diffusion of ethanol. The data in Figure 8 suggest that this impediment does not exist when χN exceeds 100. Self-consistent field theory calculations indicate that the morphology of diblock copolymers of a given composition is independent of chain length when χN exceeds 100. 32 This independence is one of the signatures of the strong segregation limit in block copolymers and suggests that the strong segregation limit is reached when χN is 100.
33 P E,n is independent of χN for all of the SDS samples (Figure 8a ) because χN exceeds 100 in all cases.
It is instructive to compare P i,o values reported above with literature values of permeabilities through cross-linked homopolymers (see Table 3 These values should be compared with P E,o =10.1 × 10 −12 and P W,o =11.5 × 10 −12 mol m/(m 2 s Pa) for SDS. It is interesting to note that the permeability of water in cross-linked PBD and cross-linked SDS homopolymers is similar to the value of P W,o determined from our experiments on block copolymers. In contrast, the permeability of ethanol in cross-linked PBD and cross-linked SDS homopolymers is two times lower than the P E,o determined from our experiments on block copolymers.
It is perhaps worth noting that the dependence of P E,n on χN seen in Figure 8a is very similar to the dependence of the normalized ionic conductivity, σ n , of mixtures of polystyrene-bpoly(ethylene oxide) (SEO), block copolymers, and lithium bis(trifluoromethane)sulfonimide (LiTFSI) on χN. 18 In ref 18, Yuan et al. reported on the ionic conductivity, σ, of SEO/ LiTFSI mixtures as a function of SEO molecular weight. In this case, PS is the structural phase and poly(ethylene oxide) (PEO) is the transporting phase. The authors define a normalized conductivity, σ n as
where f is the same morphology factor introduced in eq 4, ϕ trans is the volume fraction of the transporting PEO microphase, and σ o is the conductivity of the pure homopolymer PEO. The Flory−Huggins interaction parameter between PS and PEO at 80°C is 0.048. 34, 35 We have used this value to obtain σ n as a function of χN for SEO/LiTFSI, and the results are given in Table 4 .
The triangles in Figure 8a represent the data in Table 4 . It is evident that the dependence of both normalized ethanol permeability and normalized ionic conductivity in styrenecontaining block copolymers on χN is similar. In other words, the impedance to transport in rubbery block copolymer microphases due to the presence of glassy PS segments is independent of the nature of the species being transported. Ganesan et al. provide a quantitative framework for describing the effect of χN on transport through block copolymers. 36 The results in Figure 8a are consistent with this framework.
The dependence of P W,n on χN is qualitatively different from that of P E,n on χN. As seen in Figure 8b , P W,n appears to be independent of χN, and values of P W,n scatter between 0.7 and 1.2. It appears that the transport of water molecules through rubbery domains is not affected by the presence of glassy PS segments. We do not know the reason for the qualitative differences between P E,n and P W,n .
CONCLUSIONS
A series of SDS triblock copolymers were synthesized by combination of sequential anionic polymerization and coupling chemistry. Our study covers polymers with PDMS volume fractions ranging from 0.59 to 0.83 and total molecular weights ranging from 55 to 150 kg/mol. Transport through membranes of these materials was studied using an 8 wt % ethanol concentration as the feed in a pervaporation apparatus. The permeability of ethanol through these membranes, determined from the pervaporation experiments, was consistent with a simple model for transport through microphase separated systems. We defined a normalized permeability to account for differences in the volume fraction of the transporting phase and morphology. The normalized permeability of ethanol through SDS membranes is independent of PDMS volume fraction and total molecular weight. In a previous paper, we studied pervaporation of the same ethanol/water mixture through SBS membranes. 13 The normalized permeability of ethanol through SBS membranes was independent of PBD volume fraction but was strong function of total molecular weight. We propose that this qualitative difference between SDS and SBS membranes is due to the difference in χ, the Flory−Huggins interaction parameter that controls microphase separation in these systems. When χN is <100, the transporting PBD microphase contain glassy PS segments, and this slows down the transport of ethanol molecules and values of normalized permeability significantly below unity are obtained. Normalized ethanol permeability in both SBS and SDS membranes approaches unity when χN exceeds 100. This is attributed to the absence of PS segments in the transporting microphases. We demonstrate similarities between ethanol permeation and ionic conductivity in block copolymer membranes. Surprisingly, normalized water permeability through both SDS and SBS membranes appears to be independent of χN. Further work is needed to determine the underpinnings of this observation.
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